The interaction of an acoustic field with a smooth thin shell in a fluid is described by the superposition of a background field plus membrane waves on the shell. The former is defined by a local impedance condition, which accounts for the inertia of the shell, but takes no account of the in-surface, membrane effects. The shell's flexural stiffness tums out to be of secondary importance. The bulk of the paper deals with the coupling mechanism between the acoustic field and the supersonic membrane waves, both longitudinal and shear. The coupling is mediated by the shell curvature, and vanishes when the curvature vanishes. Ray methods are used to express the membrane waves by curved wave fronts with amplitudes subject to a transport equation over the curved shell surface. The coupling, and decoupling or launching, then reduces to solving an ordinary differential equation for the unknown ray amplitude. In essence, the transport equation is forced, or "beaten" by the locally phase-matched background field. Explicit expressions are obtained for the coupling and detachment coefficients on arbitrarily curved regions. These are combined, using ray theory for the propagation over the shell, to give the scattered field due to rays traveling over the shell. The general results are explicitly tested on the cylinder and sphere, for which the ensemble of surface rays can be summed into a resonance form, and numerical comparisons are made with the exact results for these canonical geometries. 
INTRODUCTION
Our purpose here is to present a theory that quantitatively describes the coupling mechanism whereby membrane waves are excited on and shed from elastic shells under heavy fluid loading. The central idea is that the supersonic, leaky membrane waves can be represented by ray methods as they travel over the shell, and their excitation occurs when the transport equation for the rays is forced by the incident field. In fact, as we will see, the forcing is through an intermediate, or background field, which accounts for the nonmembrane shell effects. The idea of a background field has been discussed recently in several articles, •-• including a paper by one of the present anthorsfi In the latter work the additional field due to the membrane effects was represented by the global dry membrane modes of the structure. However, the present approach differs in that all membrane effects are explicitly local. Modes may be formed by combining rays, and examples of this will be presented for the canonical shapes, but our present emphasis is unambiguously on local, raytype representations that are valid for arbitrary local surface geometry.
The motivation behind this work is the well-accepted notion that acoustic scattering from fluid-loaded elastic shells at high frequencies is most naturally viewed as a ray phenomenon. TM In fact, most of our intuitive understanding of experimental data on acoustic scattering from complex structures is based upon ray concepts. 12 The present treatment of the membrane waves relies on recent work on ray equations for wave propagation over thin shells by Pierce, •3 Norris and Rebinsky, 14 and Norris; • see also . At the same time we approximate the "background" field by a local impedance cxmdition, 2'6 which results in a simple closed-form approximation for the specular field. We note that the ray point of view contrasts with the usual mathematical description of scattering in terms of a superposition of modes, although such an approach is perfectly natural in dealing with the separable targets---the cylinder and the sphere. A good review and an exhaustive list of references for scattering from the separable shells is provided by Gaunaurd and Werby. 2ø The modal representation for these canonical shapes can be developed into a form that clearly displays the rays bouncing off the shell and traveling over its surface? However, such global-tolocal analytical techniques (Poisson summation, Watson transform) are apparently limited to these two particular shapes.
The reader should keep in mind that the present analysis incorporates several simultaneous approximations--both physical and mathematical. The physical approximations may be grouped under the rubric of ray methods, with specific applications to non-Euclidean twodimensional (2-D) spaces, i.e., curved surfaces. The associated mathematical "approximation" is to reduce the partial differential equations of the coupled fluid-structure system to ordinary differential equations (ODEs) along rays. The coupling mechanism then reduces to solving an inhomogeneous ODE for the ray amplitude on the shell (in fact, the ODE can be solved by explicit quadrature). The general framework is simplified by the use of "thin shell" theories that are physically valid only when the wavelengths of interest are much longer that the thickness h. At 
where 8• 1. The fact that 8 is small means that the surface wave is only weakly radiating, or leaky. Now consider a plane wave incident at angle (pc with the local normal to the shell. The incident wave reflects in a normal or "specular" manner when 0•:00 but if 0inøw00 then coupling occurs and a membrane wave is excited. We assume, for simplicity, a 2-D situation, such that the shell has a locally parabolic shape at the point of incidence, given as z+xQ2Ro=O, where R0 is the radius of curvature at that point (see Fig. 1 ). Define a small parameter e= 1/kfR o,
such that kfRo•l by assumption. The local analysis is valid for incident waves near the critical angle, which occurs if 0i"e--0s=O(e •/2) or, specifically, sin 0i"•=sin Os+ CA,
where A = O( 1 ). Also, let the coupling point coincide with the origin, and consider positions x such that kf4ex=O(1). Now define the slow scale through the dimensionless position vector: x= ksx.
We will be concerned with the "inner region" where X=O(1). Ro/h=90, coe=1482, Cp=5435, pf=1000, p=7800, and *,=0.289, all in inks units. The value of the dimensionless frequency kfR o at the ring, null, Poisson, and coincidence frequencies is then 3.67, 11.6, 62.0, and 85.0, respectively. In this paper we are concerned with the membrane coupling effect in the midfrequency range, which is defined as the range of frequencies between the ring and Poisson frequencies. At the same time, we assume that the coincidence frequency lies outside this range (above it}, hence allowing us to ignore bending effects in the shell equations and thus simplifying the analysis. The midfrequency range specifically includes the null frequency, so that fluidloading effects are critical. In practice, this means that the "background" response is neither that of a rigid or a soft surface, but is truly intermediate. 2 We assume that the midfrequency range is large in the sense that we may use the geometrical optics limit kfRo• I, but at the same time we have the additional constraint of thin shell theory, i.e., that h/Ro•g 1. These conditions are met for the example of the steel shell in water with Ro/h = 90 if we consider the midfrequency range to be defined roughly as 5 < koeR o < 60.
At the lower end of the range the geometrical optics assumptions break down, while at the high end we encounter discrepancies arising from the simplicity of the shell theory used here. One could probably push. the upper limit of applicability to higher values through the use of more sophisticated shell theories?
Let s be the arclength on the shell near the point of interest, and v(s) and w(s} be the in-surface and normal components, respectively. The shell is approximated locally as a parabolic surface described by the equations of motion for a thin cylindrical shell with equivalent radius of curvature. The final approximated local form of the equa- In addition, the continuity condition for timeharmonic motion is
where pf is the fluid density and n is the normal to the surface S. At this stage we introduce some impedances that enter into many of the subsequent formulas:
Zm=-ioph, Zs=pFfsee Os, Z/(0) =pF/sec 0.
Thus, Z. is the masslike impedance of the shell, Z• is the local impedance for a membrane surface wave, and Zf (•b) is the impedance that will enter into geometrical optics approximations for specularly reflection. We note that zs=zs( OO =Zs( Oo).
B. The background wave field
We first determine the outer or background solution, which consists of inertial effects on the shell and produces the specular reflection into the fluid for angles of incidence away from the critical, i.e., t•"%7t:Os. It is also the driving mechanism for the inner or local problem, when 0ia• O s in the sense of Eq. (3). We are mainly interested in the midfrequency regime defined above, and therefore flexural effects are ignored; in fact, we have explicitly expunged them from the shell equations (5). Consider the ansatz p =p(O) + ep(•) +...,
w=w(ø) +ew(n + '" , 
where Zm is defined in (7). Combined with the leadingorder contribution to the continuity equation (6), Eq. (9) results in a local impedance boundary condition on the surface S, 3p {ø) k. op•.
•nn +--•m J ptø)=0' The coefficient describing the amount of coupling to the membrane wave was calculated in the previous subsection, and provides the initial condition for the generated surface wave. As the membrane wave travels along the shell its energy is shed into the surrounding fluid through radiation leakage. The resulting attenuation is described by the imaginary part of the membrane wave number k. In order to determine the response in the surrounding fluid, in particular the energy that "leaks" to the far field, the Helmholtz equation must be satisfied with the pressure along the surface appropriate to a membrane wave. Accordingly, we start with the following surface fields, which are based upon the inner solution of Eqs. (16) 
We next use this simple result to test the theory on the 2-D circular shell.
E. Example: The cylindrical shell
We consider an incoming plane wave scattered by a circular cylinder of radius a. For this canonical geometry, Ro=a and the exact far-field scattering amplitude can be determined and compared with that obtained from the ray description. The far-field scattering amplitude is defined by
where r is measured from the center of the cylinder to the far field (see Fig. 3 ). The coordinate system is now placed at the center of the cylinder as opposed to that used in the previous calculations where it was located on the surface of the shell at the location of each incident ray.
Recall that the total response consists of an interaction between the specularly reflected wave field with that shed by the leaky membrane wave traveling along the cylinder's surface. The former follows from Eq. 
II. THREE-DIMENSIONAL THEORY
There are two major areas of complication in going from two to three dimensions. First, the geometrical details are that much harder, and, of course, the shell dynamics are more sophisticated. Therefore, some geometrical concepts need to be introduced before considering the shell equations and the coupling mechanism.
A. Local geometry at the coupling point
We begin by describing the surface $ near the point Xo at which the incident pressure phase matches the membrane wave, whether longitudinal or transverse. Let n be the surface direction vector of the membrane ray produced "at" x 0. We will consider the most general case of a smooth but arbitrarily curved and inhomogeneous shell in the neighborhood of x0. The vector n subsequently follows a ray path n=n(s), where s is the ray arclength. The surface ray can be calculated by integration of the ray equation, as discussed by Norris. I• Let r be the coordinate for curves orthogonal to the ray, in the direction n • =--a 3 An. analysis. This approximation is justified by a separate analysis of membrane waves TM and by restricting the frequency to lie below the coincidence frequency. 6 We return to this point later, but note that it results in a simpler system at this stage, which is the natural generalization of the 2-D system (5). The ansatz for the background wave field is again given by (8) with the generalization v-, va. This implies that the in-surface displacements decouple, and we again obtain Eq. (9). Thus, the background field satisfies the relatively simple impedance boundary condition (10).
D. Coupling to membrane waves
The scaled position X and a slowly varying amplitude function •(X) were used in the 2-D analysis. In the present 3-D analysis we will work directly with x without recourse to a slow scale. This simplifies the equations, but it makes the distinctions between the fast and slow dependencies less obvious. We will se e that the equation that generalizes (24) is a forced transport equation for the amplitude of the membrane wave.
The membrane wave
The ansatz for p, w, and the in-surface displacement is similar to the previous one [Eqs. ( 16)], but for the sake of simplicity we will only look at the fields on the surface. The pressure can be continued into the fluid quite easily. We assume Substituting q=n and q=n x and using Eqs. (57) and (58) then imply the dispersion relation (59), except for the term discussed above, which requires including higherorder contributions? It should be admitted that these q vectors are not precise eigenvectors of the matrix occurring in the first parenthetical term in (61), except if F=0 or n coincides with a principal direction. However, the contribution from F is implicitly assumed to be small, so that these eigenvectors are correct to first order. Standard perturbation analysis then implies that the dispersion relation is correct to second order. We include the additional two terms [see Eq. (59)] in the dispersion relation because the fluid-loading, or F, term provides an attenuating mechanism (through radiation loss) where there is otherwise none, and the second provides a better approximation, as we will see in the examples. However, we omit these terms from the transport and ray equations, as their absence simplifies these considerably. The former ornission is analogous to our previously dropping the F term in Eq. (23), while the latter is justified by the expectation that the fluid loading and anisotropy does not appreciably alter the ray paths, or that the dispersion is appreciable.. Conditions under which these assumptions are invalid have been discussed by Norris and Rebinsky. TM The dispersive and anisotropic terms could be included, but at the expense of all the attendant complications associated with these phenomena. Therefore, we emphasize that the ray theory considered here is isotropic and nondispersive.
W--to(O) = V(s)e i4 F(s),

The transport equation
Contraction of the remaining terms in Eq. (61) This could be further simplified using parabolic cylinder functions, but we will not pursue this further here. The lower limit in the integral is in quotation marks to reflect the fact that it does not include the fictitious focus of the linearized A at s=--RA tan 0o, although we can set the limit as -m with no loss in accuracy. The coupling integral in Eq. (76) reflects the fact that the surface disturbance has a nonzero wave-front curvature that changes in the "beating" region. However, in the limit of very high frequency this region shrinks and any spreading on the surface is insignificant, in which case (75) 
III. APPLICATIONS
In this section we test the general theory against exact computations for the canonical shells: the infinite cylinder and the sphere. The excitation for both is by plane wave incidence, and therefore the cylinder really behaves in a 2-D manner (the z dependence is algebraic). However, we include it here because the coupling phenomenon is explicitly three dimensional, and involves 'all of the parameters discussed in the previous section. In particular, both longitudinal and shear waves are possible. Both the cylinder and sphere present degeneracies in the sense that infinite sets of rays need to be taken into account. In the former case the infinite set of helical rays could be treated individually and summed, but we prefer to treat them in a pseudo- The far-field scattering amplitude using the ray description can be determined for oblique incidence in much Figs. 8 and 9 . We note that the simpler structure in Fig. 8(c) is due to the absence of 1on•tudinal waves. The other figures exhibit the combined influence of both membrane wave types. The nonunifom nature of the ray calculations is evident in Fig. 9(a) at the longitudinal critical angle 15.82 ø. This could be remedied using transition (cftc) functions, as discussed in Sec. I C.
B. The spherical shell
We now consider a plane wave of unit amplitude incident along the polar axis of a spherical shell, producing a scattered wave field axisymmetric with respect to the polar axis. Two distinct situations arise in calculating that part of the field generated by the membrane waves, depending whether the receiver is on the polar axis or off it. In the former case a ring of infinitely many membrane rays radiate from the surface of the sphere toward the observer. But, as the observation point is moved off the polar axis, only two rays contribute to the total wave field and these are shed from the great circle in the plane spanned by the incident and scattering directions. The two situations are obviously different in terms of rays, but could be viewed as limiting cases of a single uniform theory.
•ø However, for the sake of simplicity and brevity, we treat the two cases separately. In either case, we note that 1/R r of (47c) and hence 1/R o of (58) both vanish identically everywhere on a sphere, so that there is no coupling to shear waves. 
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